Abstract. As one of the effective ways to mitigate earthquake hazards, earthquake early warning (EEW) has been studies by many countries and regions around the world and significant mitigation effectiveness has been achieved during practical application. However, the data format for real-time data transmission in these EEW systems is organized as one packet per second which will lead to certain day when using first three seconds P wave data for τ c &P d calculation. In this case, if P wave arrival of an earthquake is at the first half of a packet, the data latency will be more than 0.5 s. To address this problem, we develop a new type of seismic recorder called EDAS-24GN with low-latency real-time data output for EEW. It can transfer real-time data by one packet per 0.1 s so that the leading time can be improved with 0.8 s at maximum. This will be very useful for areas close to the epicenter.
Introduction
Earthquake early warning system (EEWS) is one of the most effective ways for earthquake disaster mitigation. Many countries and regions around the world have already developed EEWSs, such as California [1] [2], Japan [3] [4], Mexico [5] , Taiwan [6] [7] , Italy [8] , or are developing and testing the prototype systems, including Turkey [9] , China [10] [11] [12] [13] , Iberia [14] , etc.
A rapid acquirement of real-time waveform from seismic stations deployed in the epicentral areas is one of the key elements in such system. Therefore, we need to obtain the real-time data with much lower latency. However, the data format of almost all the existent seismic stations are organized as one packet per second for real-time data transmission. In this case, if P wave arrival of an earthquake is at the first half of a packet, the data latency will be at least 0.5 s which will lead to shorten the lead time (elapsed time between the alert and damaging wave) and enlarge the blind zone (the radius from the epicenter to the distance traveled by the seismic S wave at the time the alert is issued). In order to address this problem, we have developed a new type of seismic recorder called EDAS-24GN with low latency real-time data output for earthquake early warning (EEW).
Hardware Structure
The hardware structure of EDAS-24GN is shown in Figure 1 . It consists of a data acquisition unit, a sensor control module, a calibration signal generation unit, a GPS antenna, a FPGA logic control, an AT91SAM9263 CPU with 200 MHz, and various types of peripherals and storage devices. As shown in Figure 1 , the hardware structure of the new type of seismic recorder is very similar to those of traditional ones [15] . The only difference is that this recorder has no DSP and all the real-data filtering operation (FIR) is performed on CPU. 
Low-Latency Data Processing
To acquire data of ground shaking as soon as possible for estimating seismic parameters such as magnitude, focal depth and epicentral distance according to the initial vibration of P-wave [16] [17] [18] and determining extent and level of EEW, we changed the mode of data organization from one packet per second to the format with a real-time data stream buffer and a time-index pointer list ( Figure 2 ).
For each channel and sampling rate, there are a real-time data buffer and a corresponding time-index pointer list which can cache data of 20 s. When a user starts fetching real-time data, he needs to set sampling rate, phase type and data frame length (fra_len). The system will first locate position of the latest second (newest_sec) according to sampling rate and phase type. Then real-time data will be fetched with the length defined by fra_len. If the data length between last acquired data position (last_pos) and the latest data point (newest_data) is more than fra_len, the real-time data will be continuously fetched and last_pos will be updated as last_pos plus fra_len until the length of the rest data is smaller than fra_len. This will ensure that length of the delayed points is less than fra_len. If fra_len and sampling rate are set as 20 and 200 Hz respectively, the real-time data latency will be less than 0.1 s. 
Real-Time Data Compression
Generally the time interval of 0.1 s is set as the output speed of data frame for low-latency real-time data transmission. In this case, for a three-component seismic recorder with sampling rate of 100 Hz, each real-time data frame has only 30 sampling points. Due to the small amount of each frame, length of additional information such as waveform information and coding information must be reduced in order to shorten the overall frame length of compressed data.
For this reason, we designed a new data compression algorithm using a more refined delta encoding method for low-latency data transmission. There are two key steps in the method. One is further block encoding for differences between sequential data in order to avoid increase of frame length existed in STEIM2 algorithm due to sudden changes of individual sample values in the real-time data series. The other one is to create a two-dimensional coding table through statistical analysis of differences between waveform data. Then we can determine the actual code length by looking up the table when compressing and decompressing data. The compressed data frames only contain index information of the table, and its length is only related to length of the original waveform data.
The comparison between results of the new method and those of the STEIM2 algorithm is shown in Table 1 . For the STEIMS algorithm, if the code length is more than 20 bits, the final compressed data length will be extended and longer than the original data length. The reason is that only one code with 31 bits is defined for data with more than 15 effective bits, and more coding description fields are needed to describe encoding length of differences in the data frame. The new method doesn't extend length of compressed data and its compression ratio is better than that of the STEIMS algorithm. 
Discussion and Conclusion
The purpose of EEWS is to get more than enough lead-time for disaster mitigation. However, almost all the existent seismic stations used for EEWS transfer real-time data with the format of one packet per second, which will lead to certain data latency when using 3 s of P wave data for τ c &P d calculation. Especially when the P wave arrival of an earthquake is at the first half of a packet, the data latency will be more than 0.5 s.
As shown in Figure 3 (a), assuming that P wave arrives at 0.1 s and S wave arrives at 3.9 s, if we use the data organization of existent EEWSs, the initial P wave data will be obtained at 1 s and early-warning parameters will be calculated at 4 s. In this case, there will be data latency of 0.9 s and no warning will be released for the simulated event. However, if we adopt the data organization of the new developed low-latency seismic recorder, effective lead time can be provided for the simulated event, shown in Figure 3 (b). The initial P wave data can be obtained at 0.1 s with transmission interval of 0.1 s. Then the whole 3 s of P wave data using for early-warning parameters calculation will be completely collected at 3.1 s. Therefore, effective lead time of 0.8 s will be acquired for this case.
From the above analysis, the effective lead time improved by this new seismic recorder is closely related to P wave arrival. If P wave arrival is at the beginning of 1 s data, the effective lead time can be increased at least 0.5 s. Otherwise if P wave arrival is at the end of 1 s data, the improved effective lead time will be very limited, such as 0.1 s.
Assuming that S wave velocity is 3 km/s, EEWS installing low-latency seismic recorders can reduce the blind zone with 0.3 km (0.1 s) to 2.7 km (0.9 s). If the blind zone of existent EEWSs is 30 km, it can be reduced to 27.3 km at most with low-latency seismic recorders. Because the increased lead time using low-latency seismic recorders doesn't vary with external conditions, in this case, the closer to the epicentral area, the more advantages of the new EEWS can be demonstrated. As can be seen from Figure 3 , although lead time of only 0.8 s is obtained for the simulated earthquake, the time is sufficient for us to take appropriately automatic emergency actions for some important infrastructures, such as slowing down high-speed trains and shutting down nuclear facilities, in order to further reduce losses caused by earthquakes. The low-latency seismic recorders have been deployed in large quantities to the prototype EEWS developed by Fujian Provincial Seismological Bureau [11] .
